Abstract. Modern finite element programs have the opportunity to create finite element models (FEM) by
Introduction
The results of numerical modeling of the sample of bolted-type connection with PCM ( Figure 1 ) are provided in [1] [2] [3] . Such samples are used to test the bolted connection with PCM for fatigue.
To simplify our terminology we further will use "sample" to denote a "sample of bolted-type connection with polymeric composite materials". The sample consists of two PCM plates and a U-shaped beam made of aluminum alloy connected by four titanic bolts. The plates consist of 24 layers of carbon ribbon and carbon textile with the coupling agent.
We analyze the model of such sample imposing various initial boltbolthole gaps δ: 0, 10, 20 and 70 microns in diameter 5 mm. Any of these gaps was created by reducing the diameter of the bolt (Figure 2a [1] ). In order to reduce the finite elements model, another head of the bolt was modeled instead of a nut threaded. This replacement could not prevent the achievement of the goal of the work The force of screwing the bolted joint was modeled by reduction of the distance between bolt heads by a value of  = 0.08 mm (Figure 2b [1] ), which caused a force of about 4.5 KN in each bolt. Six structures of composite material named as PCM-0, ..., PCM-V (Table 4 [1]) were modeled. Detailed information on the created 3D models of the sample is given in [1] .
The aim of this analysis is to reveal the trends in the parameters affecting the stress-strain state (SSS) of the bolts and of the bolt-holes in the polymeric composite plates to find structures of the PCM with reduced values of the characteristics of SSS which determine the strength of the connection.
It was revealed that the most promising structure is the structure of PCM-III.
Next, for shortening, let's call "animation" the viewing of the calculation object in the deformed state with greatly enlarged deformations superimposed on the initial state. For PCM in [3] , it was pointed out that there were significant stress discontinuities between the layers. Fig.  2-a (Fig. 14-a in [3] ) with significant "animation" shows images of stress σ 11 distribution in PCM in contact areas (dissection plane Y=0, bolt / hole clearance δ=0 μm) for PCM-0 structure. These stresses are derived by the Femap program in the directions of the main axes of the anisotropy of the material. It is these stresses that should be used in the strength criteria of PCM. And Fig. 2-b shows the results of the same calculation, but after recalculating the stresses in all layers of the PCM to the geometric axes of the sample (the X axis is directed along the sample, and the Z axis is vertical). During the recalculation, the stress values in plies oriented at ±45 and 90 degrees changed. In this connection, in comparison with [3] , only the stress σ x plots in Fig. 13 -a changed. The graphs of these stresses, obtained after recalculation on the global X-axis, are shown in Fig.3 .
It is obvious that the stresses in the layers arise under the tightening of the bolted joint and the main load Nx, as well as from adhesion to adjacent layers due to significant differences in the fibers orientation of the layers and the elasticity modules of the layers materials with three-dimensional orthotropy (see Table 3 in [1] ).
However, as will be shown in this article, these factors have varying degrees of influence, and the rigidity of bolts also effect on stresses in layers.
Recall that in a case of a contact of structures made of isotropic materials the compression zones are always formed under the contact surface. In these zones all the normal stresses are negative [4] .
We note that a so-called edge effect in composite materials is observed [5] , when the edges of the plates have locally perturbed state of stress due the load.
The emergence of this effect can be varied because it depends on the nature of the load and PCM structure.
The presence of stress discontinuities in the composites at the boundaries of the layers is a well-known fact [5] . In the holes this is of particular importance [6] [7] [8] [9] [10] . However, when using the average characteristics of the composite, discontinuities, which are natural, are not observed [11, 12] .
In addition, we note that even in finite elements (CE) with quadratic approximation of displacements, the stresses are modeled by linear functions, and are calculated at the Gauss-Legendre integration points located inside the finite elements. To display the results of calculations on the monitor or on the graphics, these stresses are recalculated into the nodes of the CE, also according to a linear law, i.e. possible nonlinearities are cut off. Therefore, instead of the zero value of the stresses on the free surface, one can see a nonzero value. Until now, the development of criteria for the strength of mechanical joints of composite materials, including bolts, has been very relevant [13] . However, for this it is still necessary to understand the degree of influence of various factors on the characteristics of the stress-strain state of composites in the zone of holes.
The purpose of this study is to identify the effect of bolt rigidity on the stress x  , y  and z  values in the PCM under the surface of the bolt-hole contact To achieve the goal, in comparison with [1] [2] [3] , additional numerical calculations were made.
Refinement of the finite element mesh in the bolts
To reduce the mesh-associated factors the refined FE mesh was generated in the bolts. The new mesh consists of higher density of hexagonal FE Parasolid CHEXA elements then one in the articles [1] [2] [3] . New mesh in the bolts was aligned with the FE mesh in the bolt-hole. In the initial state, each node of the bolt-hole surface corresponds to the appropriate node of the bolt surface.
Therefore, the accuracy of the solutions in the contact zone of the bolt -bolt-hole should be the best possible. The results of calculations have not changed in comparison with those obtained on a coarser mesh of FE type Parasolid CTETRA in [1] [2] [3] .
Normal stresses in the zone of the PCM holes from the screwing forces in the bolted joint The calculation of X N = 0 has shown (see. Figure 4 ) that the stresses in the top and lower parts of the PCM plates in the vicinity of the holes are different. We will analyze only the lower part, where the influence of the bolt head is not so large.
It was obtained (see Fig. 4 -a, в) that there are tensile stresses directed along the fibers in the PCM layers oriented at 0 and 90 degrees only are caused by the tightening of the bolts ( 0 X N  ) at the exit of the layers into the hole, when the ribbon fibers are tangent to the hole surface. This is zone 1 (and others not marked in this way), where the fibers of the tape oriented at 90 degrees (here x   0, and ( Normal stresses after the addition of the tensile force of the specimen, with a change in the rigidity of the bolts In the paper [14] , it was proved by calculations that the bolt of a single-shear bolted joint always "works" not only on the shear but also on the bend.
Furthermore, it was found that when the sample is stretched by the force X N V-shaped gap appears between the PCM bolt-hole surface and a bolt even in the absence of the initial bolt-hole gap (δ=0 µm). Fig. 2 shows this effect. In this figure, we can see that the surface of the hole does not remain cylindrical and contact surfaces of the bolt hole have a "wavy" appearance. This is because, in contact, the PCM plies oriented at 0 degree have a more rigid contact effect on bolts than plies with other angles.
Obviously, such geometric changes should depend on the bending rigidity of bolts.
The rigidity of bolts was artificially increased in numerical experiments to determine the dependence of the stress σ x in these layers on the values of the bending of bolts.
The schematic sketches (Fig. 5 ) represent various models of connections that were studied. The U-shaped bar was removed and its action on the PCM plate was simulated by applying pressure on the lower surface of the PCM plate on the entire contact surface (the pressure field was "transferred" from the previous calculation using program tools of Femap).
First, bolts were rigidly fixed in the direction of the X axis in their lower parts, (on the lower heads ( Fig. 5-a) ), then their length was reduced twice from below, and also similarly fixed (Fig. 5-b, c) .
Then the bolts were additionally rigidly fixed in the direction of the X axis in their upper parts, (on the upper heads (Fig. 5d) .
Finally, Young's modulus of the bolt material was increased by a factor of 10 ( Fig. 5-e) .
The obtained values of stress x  in the vicinity of the point B and C (Fig. 4-a, These relative displacements actually uniquely control the stiffness of the "bolt" model in bending. Measurements were made only for the first bolt, in which all the effects are most notable. Table 2 Normal stresses in the vicinity of the point B and C (Fig. 4-a) (Fig. 4-a) Figure 6 shows the graphs of the stress changes as a function of B A s u u   (bolt rigidity) illustrating the most important data of Table 2 and Table 3 .
These calculated data showed a significant but only partial dependence of the normal stresses on the rigidity of the bolt: with increasing stiffness, the stresses changed by two or more times, but the values obtained only from the screwing forces did not reach (the left part of the graphs in Fig. 6 ). Stresses are negative and insignificant.
There was only one possibility: the dependence of the normal stresses on the value of the load. You can even not make calculations, because it is clear that as the value X N decreases, these stresses smoothly change from the corresponding value of Table 2 to the previously obtained values at X N = 0.
Normal stresses only from the tensile force X N
Another calculation of the sample was carried out in the absence of a pre-tightening force for the circuit (e) . For scheme (e), it was assumed that the pressure from the channel is absent: 0 P   . The obtained normal stresses are placed in the last lines of the tables 2 and 3.
Since for schemes (e) with P  and without P  the difference of the obtained stresses value Fig. 4 -a is nonlinear, although weakly. This is natural, because nonlinearity is an ordinary situation for contact problems, even with bodies of linearly elastic materials.
Conclusions
Based on the results of numerical modeling, the following main conclusions can be formulated: the lines of force are formed so that in the zone of the vicinity of the point B (Fig. 4a,c) (and in similar zones) for all considered loading cases and any real rigidity of the bolt, the stress 0 y   will always be realized, and the point B is in contact with the lateral surface of the bolt slightly with insignificant force (see Fig. 2 and stress values 0 x   in Table 2 and Table 3 );
the value of the stress in the vicinity of point B (and in similar zones) (Fig. 4a) depends weakly nonlinearly on all the force factors acting on the sample, and to a large extent are determined by the PCM plate structure; changes of z  with changes in the rigidity of the bolt ( 
